R e v i s o n : J a n u a r y 1 3 , 2 0 The 10 µm silicate feature is only weakly in emission and according to our thermal models, is consistent with emission from a mixture of silicate and carbon material. We argue that large, low-porosity (akin to Ballistic Particle Cluster Aggregates), rather absorbing aggregate dust particles best explain both the polarimetric and the mid-infrared spectral energy distribution.
INTRODUCTION
Comet dust provides us with insight into two fundamental aspects of our solar system: (a) the composition of both the solar system's initial ingredients and formation products; and, (b) the spatial and temporal heterogeneity of the proto-planetary disk. Comet dust comae are optically thin, providing a unique laboratory for the study of preserved dust grains that observations of Kuiper Belt objects and primitive asteroids cannot provide. The compositions of both comet dynamical families, ecliptic comets (ECs) and nearly-isotropic comets (NICs), have been preserved in their interiors during their residences in the Scattered Disk and Oort Cloud.
Knowledge of cometary materials enables better understanding of planetary and small body formation as well as evolutionary processes in the protoplanetary disk. The NASA space mission Stardust was designed to bring back samples of comet dust from 81P/Wild 2. The terrestrial laboratory analysis of grain samples captured in the aerogel have helped us to understand the properties of comet refractory materials, revealing, among others, high-temperature crystalline materials (Flynn 2008) . In the preliminary analysis of Stardust samples, ≃ 65% of the aerogel tracks were 'carrot-shaped,' indicative of large solid grains that upon inspection included micron-to tens of micron-sized forsterite (Mg-rich crystalline silicate) and FeS crystals (Burchell et al. 2008; Zolensky et al. 2008) . A fraction, ≃ 35%, of the Stardust aerogel tracks were bulbous and attributed to porous aggregates which suffered significant heating upon impact with the aerogel (Roskosz, Leroux, & Watson 2008; Leroux et al. 2008) . However, analysis of microcrater impacts in the foil suggest that ≃ 85% are clustered with irregular, non-circular outlines likely originating from composite, i.e., aggregate grains (Borg et al. 2007) . In contrast to the Stardust samples that were dominated by weakly bound aggregates, which likely originated in the inner protoplanetary disk, the interplanetary dust particles (IDPs) captured in Earth's stratosphere from comet
The status of remote sensing of cometary dust was reviewed by Kolokolova et al. (2004) , who concluded that aggregate models are likely best at explaining photometric, polarimetric, and thermal properties of cometary dust. This model (Kolokolova et al. 2007) not only explained the phase dependence of brightness and polarization for comets, but also explained the existence of two classes of comets based on polarimetry by Dobrovolsky et al. (1986) and Levasseur-Regourd et al. (1996) . Lisse et al. (2002) and Sitko et al. (2004) argue that there are two classes of comets based on the strength of the silicate feature in emission and the 10 µm SED temperature excess over an equivalent blackbody at the observed heliocentric distance (r h ) of the comet. Taxomomically, comets with strong silicate feature emission comprise the same population of comets that show high polarization (coma dust population dominated by small or very porous particles), while those with weak silicate feature emission are the same population that exhibit low polarization (coma dust population dominated by large compact particles). This correlation is consistent with aggregate dust models (Kolokolova et al. 2007) . Comparison of thermal model dust parameters used to interpret ground-based remote sensing observations of the SED arising from coma grains with the dust from the Stardust sample return mission has helped to improve the aggregate model, making it not only qualitatively but also quantitatively compatible with the experimental data (Kolokolova & Kimura 2010) .
The presence of the so-called negative branch in the phase dependence of the polarization is an important observational characteristic of comet polarization (Mishcnenko et al. 2010; Kolokolova et al. 2004 ). Unlike Rayleigh particles, which polarize light perpendicular (positive Stokes Q) to the plane of scattering at all phase angles, for comets and asteroids the polarization position angle flips by 90
• (negative Stokes Q) at low phase angles, < 20
• (e.g., Kelley et al. 2004) . Although negative polarization can be reproduced by modeling comet dust as an ensemble of polydisperse spherical particles (e.g., Mukai et al. 1987 ), Kolokolova et al. (2004) demonstrate that all other polarimetric, photometric, and thermal IR characteristics of comet dust require that comet partciles be aggregates of submicron monomers. This aggregate "structure" was confirmed by the in situ coma particle sampling of the Stardust mission (e.g., Flynn 2008) that showed that the majority (≃ 65%) of the returned sample particles had an aggregate nature. Reproduction of the negative branch can be achieved in the aggregate model cases utilizing large (thousands of monomers),
aggregates (Kolokolova et al. 2007) or alternatively in cases where the aggregates are transparent silicates (Zubko et al. 2009; Kimura 2001) . However, the presence of aggregates made of transparent silicates is hard to reconcile with the low geometric albedo of comet nuclei caused by a significant carbon content (Campins et al. 2006) . Other ballistic aggregate models (e.g., Lasue et al. 2009; Shen et al. 2009 developed to assess the effect of effective aggregate size, porosity, and composition in the polarimetric behavior of dust in astrophysical environments need to be carefully scrutinized for their applicability in describing dust in comet coma. This assessment, which we discuss in detail in §3.4, is critical for interpreting the negative polarization branch observed at small phase angles.
There are very few observations of comet polarization in the NIR at phase angles below 20
• , and existing observations present a puzzle. The unusual comet C/1995 O1 (Hale-Bopp), for example, showed no negative branch at NIR wavelengths (Jones & Gehrz 2000) , unlike the behavior of all comets at optical wavelengths. Knowledge of the wavelength dependence of the polarization at long wavelengths (λ > 1.3 µm) through the negative branch as well as NIR observations at a wide range of phase angles should shed more light on the nature of the aggregates that make up the majority of comet dust. These aggregates also need to reproduce the observed emission in the thermal infrared, especially in the 10 µm spectral region where various minerals produce broad resonances and narrow features.
The wavelength dependence of the polarization has only recently been extended out beyond 1 µm. By observing out to 2.2 µm, Jones & Gehrz (2000) and Kelley et al. (2004) were able to show that in general, the polarization increases from the optical out to the NIR for most comets (red polarization color). This effect is in contrast to that observed in asteroids, where the polarization decreases with wavelength (blue polarization color; Multiple exposures (3 images of 120 seconds in I band and 4 images in V band; 1 of 60 seconds and 3 of 120 seconds) were obtained of the nucleus and coma of the comet with the telescope tracking at the non-sidereal rate corresponding to the predicted motion of the comet provided by JPL Horizons 1 in an airmass range of 1.08 to 1.11. All images were corrected for overscan, bias and flat-fielding with standard IRAF 2 routines. Due to the thinned nature of the 90prime detector, I band data must be defringed. A master fringe file was created using the median of 41 data frames from this night of observation and subtracted from the I band data. The data was photometrically calibrated using Landolt standard fields PG0918, SA102, SA104, PG1323 (Landolt 1992 ) and the average nightly seeing was 1. ′′ 8. One 120 second exposure in each band is shown in Fig. 2 .
Polarimetry
The NIR observations were made in the H(1.65 µm) band using NSFCAM2 (Shure et al. 1994 ) on the IRTF 3-m telescope at a plate scale of 0. ′′ 04 per pixel, resulting in a field of view of 80 ′′ square. In polarimetry mode, NSFCAM2 utilizes a rotating half-wave plate at the entrance window of the camera and a cold wire grid polarizer in the second filter wheel. Details of the NSFCAM2 (+Polarimeter) observing technique and data reduction procedure are given in Jones & Gehrz (2000) and Kelley et al. (2004) . The visual polarimetric observations were made using OptiPol (Jones et al. 2008) at the University of Minnesota Mt. Lemmon Observing Facility (MLOF) in a narrow band R filter centered at λ o = 0.676 µm, with a bandwidth ∆λ = 0.04 µm. This filter was chosen to avoid contamination from unpolarized gas emission as much as possible.
The results of our polarimetry, including the observing log, observation time, and phase angle are given in Table 1 . Simultaneous polarimetry at R and H was obtained on 2009 January 27 UT. and LH spectra are discussed in Woodward et al. (2011) .
Spitzer IRS
The spectra were reduced as follows. The shadow observations were subtracted from the on-source observations, and the result was assembled into a data cube using the CUBISM software (Smith et al. 2007) , with bad pixels masked and all extended source calibrations applied. The spectrum presented in this paper is extracted from an aperture 9. ′′ 25 × 9. ′′ 25 in size, centered on the peak surface brightness of the comet.
DISCUSSION

Optical Imaging
The radial profile of comet C/2007 N3 (Lulin) was plotted to assess the quality of the data for calculating a dust production rate. The radial profile of C/2007 N3 (Lulin) in the V band shows a deviation from the conical 1/ρ profile (Gehrz & Ney 1992) , suggesting contamination from gas such as C 2 at 5141Å. We therefore only calculate the dust production in I band. The I band radial profile of C/2007 N3 (Lulin) is shown in Fig. 3 .
To estimate the rate of dust production in comet C/2007 N3 (Lulin), we utilize the Af ρ quantity introduced by A'Hearn (1984) . This quantity serves as a proxy for dust production and when the cometary coma is in steady state, the value for Af ρ is an aperture independent parameter,
where A is the Bond Albedo, f is the filling factor of the coma, m ⊙ is the apparent solar magnitude, m comet is the measured cometary magnitude, ρ is the linear radius of the aperture at the comet's position (cm) and r h and ∆ are the heliocentric and geocentric distances measured in AU and cm, respectively. Cometary magnitudes are observed to follow similar phase angle effects as asteroids; therefore we also apply the phase angle correction of m comet (α = 0) = m comet (α) − Cα where α is the phase angle in degrees and C is correction factor of 0.03 magnitudes per degree, the mean of the correction factors derived by Meech et al. (1987) . Figure 4 illustrates the progression of Af ρ as a function of ρ and Table 2 reports values of Af ρ at a selection of distances from the comet photocenter.
NIR and Polarimetry
Comet C/2007 N3 (Lulin) was sufficiently distant at the epoch of our observations that we did not have the spatial resolution to map changes in polarization across the coma.
Thus it is unknown whether or not there was any significant variation in polarization with coma morphology. Comet C/1995 O1 (Hale-Bopp), for example, had a high surface brightness jet that showed distinctly greater fractional polarization in the NIR than the rest of the coma (Jones & Gehrz 2000) . The only other comet with good spatial resolution and polarimetry at NIR wavelengths is comet 73P/Schwassmann-Wachmann 3 (SW-3), an ecliptic-family comet (Jones et al. 2008) . SW-3 passed sufficiently close to the Earth to allow us to measure the surface brightness and polarization of the coma with a resolution of 40 km (Jones et al. 2008 ). While Jones et al. (2008) and Harker et al. (2011) found strong evidence for significant breakup of the dust aggregates released from the nucleus of SW-3 taking place over distances of 40-400 km from the nucleus, only small changes in the fractional polarization across the inner coma were observed. All of the polarization observations of SW-3 were at phase angles > 20
• and showed weak red polarimetric color.
Despite the strong evidence for significant breakup of dust aggregates, the polarization of SW-3 is not distinguishable from other comets.
The surface brightness profile of C/2007 N3 (Lulin) at H(1.65 µm) is shown in Figure   5 along with the profile of a star for comparison. Given the seeing of 1. ′′ 4 full-width half-maximum (FWHM), the surface brightness of C/2007 N3 (Lulin) is entirely consistent with a simple 1/ρ dependence as expected for a constant velocity outflow (Gehrz & Ney 1992) . The polarimetry was not of sufficient signal-noise to determine if there were any variations in fractional polarization at large distances (> 1000 km or 3 ′′ ) from the center.
There is very little NIR polarimetry of comets at phase angles < 20
• , primarily C/1995 O1 (Hale-Bopp) (Jones & Gehrz 2000) , 1P/Halley (Brooke et al. 1987) , and a single observation of 65P/Gunn (Kelley et al. 2005) . A compilation of NIR polarimetry of comets is shown in Fig. 6 . The solid line in this figure is the mean phase dependence of the polarization in the R band found by Levasseur-Regourd et al. (1996) . The majority, but not all, of the NIR polarimetry lies above this line, at least out to phase angles of 60 • , consistent with the generally red polarimetric color of comets. The precise (low formal error) observations of comet C/1995 O1 (Hale-Bopp), which contained unusually small dust particles (Williams et al. 1997; Mason et al. 2001; Harker et al. 2002; Wooden et al. 1999 ), shows no negative branch. The lack of a negative branch in the NIR for C/1995 O1 reproduce the broad width of the 10 µm feature. The distinct 9.3 and 10.5 µm emission features are attributed to Mg-rich orthopyroxene (Wooden et al. 1999; Harker et al. 2002) , while Mg-rich crystalline olivine is uniquely identified through its distinct, relatively narrow 11.2 µm silicate feature (Hanner et al. 1994) . Mg-rich crystalline species are defined as grains with 0.9 ≤ x ≃ y < ∼ 1.0 (Wooden 2008; Koike et al. 2003; Chihara et al. 2002) .
Frequently in comets, the Mg content of crystalline silicates is often significantly larger than that of the amorphous silicate grains.
Weak 10 µm silicate emission is evident in the IRS spectra of comet C/2007 N3 (Lulin) (Fig. 8) . The best-fit thermal models (Fig. 8 , and given in Table silicate-to-carbon ratio inferred from our models is 0.48 ± 0.06. The error bars on parameters derived from the thermal modeling reflect a 95% confidence limit. We also find that the silicate crystalline mass fraction for the submicron to micron-size portion of the grain size distribution (Harker et al. 2002; Moreno et al. 2003) , defined as f cryst ≡ (crystalline)/(crystalline + amorphous), for comet C/2007 N3 (Lulin) is 0.14 ± 0.04. In contrast, other NIC comets such as C/1995 O1 (Hale-Bopp) which had a very strong 10 µm silicate feature had coma dust grains that were fractally very porous (D = 2.5) with the HGSD peaking at a p = 0.2 µm (Harker et al. 2002) and mineralogically diverse, including amorphous and crystalline forms of both olivine and pyroxene with f crys = 0.68 (Harker et al. 2002) . The dynamically new comet C/2001 Q4 (NEAT) which exhibited a modest 10 µm silicate emission had dust grains that were 'solid' (D = 3.0) with a HGSD peaking at a p = 0.3 µm and a with f cryst = 0.71 (Wooden et al. 2004 ).
In Fig. 9 we plot the strength of the 10 µm silicate emission above the continuum, F 10 /F c , where F 10 is integrated feature flux over a bandwidth from 10 − 11 µm and F c is that of the local continuum at 10.5 µm, vs. the color temperature excess above black body equilibrium at the distance of C/2007 N3 (Lulin), and various other comets, from the Sun (e.g., Sitko et al. 2004 ). The color temperature excess is defined as:
where T F it is the black body fit to the observed continuum and r h is in AU. For comet C/2007 N3 (Lulin) this temperature excess is 1.133 ± 0.051, while F 10 /F c = 1.084 ± 0.011.
Comet C/1995 O1 (Hale-Bopp), which had a jet with much smaller grain aggregate or monomer size dust particles and no negative branch in polarization (Jones & Gehrz 2000) ,
shows an exceptionally strong silicate feature and a large color temperature excess, also indicative of small grain aggregates or small grain monomers separated from the aggregate (Williams et al. 1997 ). C/2007 N3 (Lulin), in contrast, has a very weak silicate feature with little color temperature excess. The large compact aggregates that are required by the polarimetry are consistent with the thermal IR measurements that show a very weak R e v i s o n : J a n u a r y 1 3 , 2 0 -15 -silicate feature.
The silicate feature strength and continuum temperature excess of fragments B and C of comet 73P/Schwassmann-Wachmann observed by Gemini (Harker et al. 2011 ) and
Spitzer (Sitko et al. 2011 ) are also included in Fig. 9 for completeness. For fragment B, the silicate feature strengths and temperature excesses were 1.213 ± 0.015 and 1.066 ± 0.014 (Gemini), and 1.242 ± 0.002 and 1.177 ± 0.001 (Spitzer ) respectively. For fragment C, the silicate feature strengths and temperature excesses were 1.314 ± 0.020 and 1.125 ± 0.020 (Gemini), and 1.335 ± 0.003 and 1.158 ± 0.002 (Spitzer ) respectively.
Aggregate Models and Comet NIR Polarimetry
The negative polarization branch, where the maximum linear polarization is of order −2.0% is evident in all comets observed at visual wavelengths at small, < ∼ 25 number N of constituent monomers of radius a, the BPCA aggregates are more compact than BCCA, where the porosity is defined as P = 1 − N(a/a c ) 1/3 and the characteristic radius a c ≡ 5/3 a g , where a g is the gyration radius of the aggregate (Kozasa et al. 1992 ), a g = (1/2N 2 ) × N i,j=1 (r(i) − r(j)) 2 , with r(i) the position of the center of the i th monomer. Kolokolova et al. (2007) and describe the polarimetric and IR properties of comet dust using these two types of ballistic aggregates, consisting of sub-micron monomers (of radius a ≃ 0.1 µm) with a Halley-type composition which includes silicates, amorphous carbon, and organic refractory material. These models can account for the general behavior of the maximum polarization, the shape of the polarization curve as a function of phase angle P (α), and the negative polarization branch. In addition, such models also yield the low geometric albedos (of order ≃ 5% that is typical for comet dust) and red photometric colors (normalized reflectivity gradient; Jewitt & Meech 1986) that are typical for comet dust, for example C/2004 Q2 (Machholz) (Lin et al. 2007 ) and others discussed in Kolokolova et al. (2004) R e v i s o n : J a n u a r y 1 3 , 2 0 -17 -model comet dust; a aggregate model first developed by . In the latter work, they consider random ballistic aggregates (BAs) constructing BAM1 and BAM2 particles describing differing monomer migration after randomized first contact aggregation.
BAs have porosities similar to BPCAs, yet are less porous than BCCAs. However, the complex refractive indices of the silicates used in (Shen et al. 2009 produces an albedo of order ≃ 12% and blue dust color. Currently, the model most consistent with the observational and in situ data is that of Kolokolova & Kimura (2010) where, following the findings of Stardust mission, a mixture of aggregated and solid particles was considered. The results of Kolokolova & Kimura (2010) modeling are characterized not only by the correct polarization and photometric properties of the dust, including albedo and colors, but also by the model organics-to-silicate ratio and ratio of aggregates to solid particles that are consistent with the results of in situ studies of comets.
An important constraint in interpreting polarimetric aggregate models applicable to our study of C/2007 N3 (Lulin) near perihelion is our 10 µm spectra 3 which show the comet near the epoch of the optical/NIR polarimetric observations had a weak silicate feature ( § 3.3). Thermal modeling of the 10 µm SED suggests that the peak of coma grain size distribution a p is of order 1 µm with a large grain slope indicative of a population tail of grains are extant whose sizes are >> 1.0 µm. These latter grains are large as well as moderately porous, It results from a combination of properties of individual monomers, multiple scattering, coherent backscattering and near-field effects. At some monomer sizes these latter effects, combined with porosity and refractive indices, tend to produce effects that work in the same direction increasing the negative polarization, but at other monomer sizes they produce opposite effects. This is why one can get equal negative polarization for different types of aggregates or a big change in negative polarization for a small change of, for example, the size parameter of the monomer (Kolokolova & Kimura 2010 ). Computation of negative polarization is still a modeling challenge deserving future attention.
In our analysis of comet C/2007 N3 (Lulin), we claim that the negative polarization does not contradict conclusions regarding the particle properties inferred the red polarization color (from the R-band through the H-band) and those derived from the thermal IR observations that indicate the grains are large (i.e., micron-sized or larger) and of low porosity (perhaps as compact as an aggregate of submicron particles can be). Another explanation for the negative polarization observed in the coma of comet C/2007 N3 (Lulin) is that the dust was composed of transparent silicate particles with little or no carbon content. However, cometary dust is usually characterized by a low albedo that presumes a large content of carbon, and photometrically C/2007 N3 (Lulin) does not show any peculiarity that would allow us to suppose that its albedo is significantly different. Also, in the case of abundant silicate particles, we would expect a noticeable spectral dependence of polarization (Zubko et al. 2009 ). In addition, our thermal model has a silicate to carbon ratio of 0.48, inconsistent with dust dominated by transparent silicates.
CONCLUSIONS
We have found that C/2007 N3 (Lulin) clearly has a typical optical negative branch in the polarization as well as exhibiting a negative branch in the near-infrared at low phase angles. When compact aggregates are larger than the longest wavelength considered it is known that the depth of the negative branch does not depend significantly on the wavelength; furthermore, the wavelength dependence becomes less pronounced as the phase angle decreases (Belskaya et al. 2009 ). We have also found that these large, low-porosity aggregates in comet C/2007 N3 (Lulin) are consistent with the thermal infrared measurements that showed a very weak silicate feature.
Our thermal model contains moderately porous grains (D = 2.727), with a peak grain size of 0.9 µm. This is qualitatively consistent with the large aggregate grains needed to explain the polarimetry if the monomers are ∼ 0.1 µm in size. We conclude that the dust in comet C/2007 N3 (Lulin) is dominated by large and compact aggregate particles, made up of thousands of small monomers. Compact aggregates are typical for old periodic comets (Kolokolova et al. 2007) but not for new ones, which tend to have more porous aggregates. However, Sitko et al. (2004) show that the dust properties of some nearly-isotropic (including Oort cloud comets) and ecliptic comets are similar based on intercomparison of the strength of the 10 µm silicate feature versus the color temperature of the dust. Our polarimetry of comet C/2007 N3 (Lulin), an Oort cloud comet with thermal emission properties equivalent to ecliptic-family comets, demonstrate that grain structure may account for this observation (see Fig. 4 of Sitko et al. 2004 ).
The occurrence of a negative branch in the polarization in the near-infrared is likely typical for most comets. Comet C/1995 O1 (Hale-Bopp), which showed no negative branch in the near-infrared, must be considered an anomalous case due to the production of significant numbers of very small, submicron grains. These latter small coma grains could be individual monomers that have broken off from the larger, porous aggregates. For features, a rigorous quantitative grain/grain-aggregate model that is self consistent for both scattering and emission (e.g., Kolokolova & Kimura 2010 ) has yet to be applied to observations of individual comets. Such an effort will be an important future work. b Number of grains at the peak of the grain size distribution.
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R e v i s o n : J a n u a r y 1 3 , 2 0 The grey scale intensity display table is proportional to the square of the counts. R e v i s o n : J a n u a r y 1 3 , 2 0 Table 1 .
The solid line is the average behavior for comets in the visual R (0.676 µm) band (Levasseur-Regourd et al. 1996) . The polarimetry of C/2007 N3 (Lulin) is entirely consistent with this trend both at R and at H(1.65 µm).
R e v i s o n : J a n u a r y 1 3 , 2 0 O1 (Hale-Bopp) observed at r h = 2.73 AU (Sitko et al. 2004 ). These 5 latter comets all have measured mid-IR spectra and near-IR polarization. The trend-line is the same as presented in Sitko et al. (2004) .
